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I, INTRODUCTION
A coherent doppler radar achieves an improvement in azimuth reso­
lution by constructing a synthetic antenna which may be many times 
longer than the real antenna in the aircraft. This is accomplished 
by adding coherently a large number of target echos as the air­
craft flies a distance equal to the length of the synthetic antenna. 
The radar proper, consisting of the transmitter and receiver, must 
be coherent, i.e. it must preserve the phase of the target echo.
The data processor then must properly integrate this return. In the 
development of coherent radar, the processor has presented the more 
difficult problems. A number of processors have been developed in 
an effort to solve these problems. In this laboratory we have re­
cently developed a storage tube processor which has certain advan­
tages over other systems which have been proposed.
Storage tube integration,was considered early in the development 
of coherent high resolution radar, but was dropped because the then 
available tubes had insufficient dynamic range and resolution.
However these tubes have been greatly improved in a development pro­
gram at the Compagnie Generale de Telegraphie Sans Fil in Paris, 
sponsored through The Office of Naval Research by C. S. L. The newer 
tubes were sufficiently promising that we included a short test of 
a storage tube integrator during the final week of our flight program 
in June, 1958^  This integrator was hurriedly constructed and a 
number of compromises were made in its design.
1. Discussed in C. S. L. Report R-107, C- S. L. Coherent High Reso­
lution Radar Program by Ruina and Rawcliffe. Refer to this report 
also for a brief discussion of the principles of high resolution 
radar.
C O N F I D E N T I A L
1 1 8 -6 C O N F I D E N T I A L
Because the available storage tubes had non-linear drive char­
acteristics, they could not serve as linear integrators. It was
2necessary to hard limit or "quantize” the video before feeding it 
to the storage tube. In effect, the video was recorded as ±1, the 
sign but not the magnitude being retained. The pictures obtained 
in this test did show the expected improvement in resolution 
produced by the data processing, but they had very limited contrast. 
Quantization had produced two undesireable effects, spreading in 
range for isolated targets, and low contrast between city and rural 
areas. When using quantized data, the intensity of the processed 
signal was not determined by the absolute return from the group of 
targets within the real antenna beam, but rather by the contrasts 
within this group of targets. A city appeared more intense than a 
rural area only because it contained more targets with contrasting 
return, not because of its greater absolute reflectivity. An 
exception occurred when the signal and noise levels were comparable, 
so that the noise served as a constant reference.
The photographs were encouraging in spite of this failing. 
Quantization was necessary only because of the non-linear drive 
characteristic of the storage tube. This could be corrected.
Indeed, earlier at CSL, an electron gun with a linear drive charac­
teristic has been developed for use in cathode ray tubes. The gun, 
however, was suitable for installation in a storage tube. We felt
2. It had been shown in earlier calculations that quantization does 
not seriously degrade the resolution achieved in a coherent radar.
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that a data processor with a linear storage tube integrator would have 
a number of advantages over other existing schemes, and, at the conclu­
sion of the 1958 flight program, we started the design and construction 
of such a system* Our work on the processor is the subject of this 
report.
As work on storage tubes per se was an important part of the 
project, a discussion of this phase is included. This discussion has 
been placed in an appendix, in order to avoid interrupting the conti­
nuity of the main text.
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II. THE STORAGE TUBE PROCESSOR
•' *■ - / t !.A. Method of Operation.
The operation of the storage tube processor^ is as follows. 
Coherent video is written on the storage tube target for as many 
repetition periods as are to be integrated. The storage tube is then 
switched from the write to the read mode, and the integrated signal 
is read out, full wave rectified, (it is in bipolar form) and then 
fed to the cathode ray display tube. In addition, noncoherent 
video is fed directly, without processing, to a second cathode ray 
tube. These two tubes are photographed simultaneously by a twin, 
strip film camera, so that the advantages (and disadvantages) of 
coherent processing are readily assessable.
A block diagram of this processor is shown in Figure 1. The 
block marked "logic" performs various "bookkeeping" and control 
functions such as blanking and unblanking the storage and cathode 
ray tubes, triggering their sweeps, and switching the storage tube 
between the read and write modes.
The switched rectifiers are used to rectify the incoming co­
herent video so that it is always positive, and to switch it so that 
the positive and the negative signals are stored on alternate sweeps, 
this switching being done in synchronism with the back plate 
switching. This procedure allows video storage without a pedestal^.
3* A detailed discussion of this processor is available as C. S. L. 
Report I-85.
k . Discussed in more detail in the Appendix.
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The sweeps used on the storage tube are exponentially damped 
spirals. It was necessary to use this rather complicated sweep 
because a single line scan would have allowed, at best, about 100 
resolved elements. With the spiral sweep about 1500 elements were 
resolved, which was sufficient for our needs. If it were necessary, 
this number could probably be doubled by generating a spiral with an 
accurate linear damping.-
The cathode tube sweeps were single line scans across the tube 
diameter. With the high resolution tubes used, this provided suf­
ficient resolution. Scanning in the flight direction was accom­
plished, of course, by the moving film in the camera.
B. Design Characteristics.
The storage tube processor has been designed to have the 
following characteristics.
1. It is a linear integrator, not a correlator, which means 
that the maximum useful synthetic antenna length which can be gener- 
ated is limited by the requirement for focussing. This length is 
proportional to the square root of the range, and equals approxi­
mately 90 feet at 50 miles. Within this limit, the number of sweep 
integrated is adjustable.
2. Only the in-phase, not the quadrature channel is used.r\
This tends to make the picture grainy, as signals tend to be lost if
5they pass through a zero dead phase at zero doppler . The quadrature
channel could be added if a second storage tube, and parts of the
... "" ' r 1 ' ' " ' ' '  ' r ‘ * *" '  ~ *' # '  * * 4 • * v '  *!• :*?%
5. See R-107, Figure 2.
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other circuitry were duplicated,
3« As discussed above, a "store and dump" mode of opera­
tion is used, not a continuous readout. This also tends to make 
the picture grainy (scintillation effect). No simple way to effect 
a continuous read-out has been worked out. The use of more channels, 
which are read out at different times, would partially accomplish 
this. This, also, would require more storage tubes.
4. The equipment is designed to pass the 0.1 usee pulses 
expected from the radar.
5. A 15 mile range interval is displayed which means that 
1500 resolvable elements are needed.
6. Any reasonable P.R.F., as set by the radar, is 
acceptable by the processor.
C. Ground tests of Processor.
The performance of the processor was partially demonstrated by 
a series of tests in the laboratory. Two of the more important tests 
are described.
To illustrate the speed of response of equipment, input and 
output pulses are shown in Figure 2. The read-out pulse is that 
which is obtained at the output of the high gain read-out amplifier. 
It is seen that the rise time for this pulse is of the order of a 
tenth of a microsecond. A tenth microsecond pulse is passed by the 
equipment, but with a decrease in anplitude of about 50 °/o. This 
limitation is caused by the associated video amplifiers, not by the
C O N F I D E N T I A L
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storage tube itself. Faster response could be attained if it 
•were worth the effort.
Figure 3 shows the improvement in the signal to noise ratio 
brought about by the integration on the storage surface. The dot 
shown in Figure 3A is the over-exposed image of a positive input 
pulse. In Figure 3B noise has been added to this pulse. As can 
be seen, it is almost inpossible to find the video signal in this 
noise. Figure 3C is a photograph of the output waveform from the 
read-out amplifier which shows that the signal has been built up 
so that it now stands well above the noise. The signal to noise 
ratio has been improved by about l6 to 20 db. This agrees with 
the theoretical prediction.
D. Flight Tests of the Processor
Through the excellent cooperation of the University of 
Michigan Willow Run Laboratories, we were able to flight test our 
processor using their aircraft and coherent radar. Their air­
craft is a C-46 which cruises at about 180 knots. As it is un­
pressurized, the altitude was limited to about 10,000 feet, 
though because of other difficulties we had no successful flights 
higher than about 8,000 feet.
A 5 foot X-band APS-23 antenna is installed in the belly of 
the C-46. It is adjustable in azimuth to allow correction for 
yawing. However, no adjustment in elevation is possible and hence 
the aircraft altitude determines the range of the area on the 
ground which is illuminated.
C O N F I D E N T I A L
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The coherent radar was designed by Michigan for use with their 
photographic correlator. It has a 50K watt peak, k watt average 
power output. The maximum allowable FRF is 800/sec. The trans­
mitted pulse width is approximately 0.1 usee.
The flight program ran for about a month during June and July, 
1959- We obtained a number of photographs which did demonstrate 
an improvement in azimuth resolution. However, there were several 
things wrong which could not be corrected in the time available, 
and as a result the flight tests provided an inconclusive demon­
stration. Part of these difficulties were in the processor, and 
part arose due to a certain incompatibility between the two systems. 
We found, for instance, that when the processor was connected with 
the long cables needed in the plane, a Jitter of about ±0.1 usee 
had developed in the range sweeps of the cathode ray displays. We 
also found, when it was too late to make our own camera, that the 
film transport was jerky in the camera which we had borrowed, so 
that the resultant picture had streaks across it. In addition to 
the above, the linear storage tube which we had counted on using 
for the flight tests, did not arrive in time. Fortunately one old 
type tube, by some strange combination of circumstances, has a 
drive characteristic which is approximately linear, though the 
deviations from linearity are larger than we had expected to have. 
Because the technique of backplate switching relaxed our required 
linearity of the storage tube characteristic^, (but mt of the rest 
of the circuitry) we were able to use this tube without very much
6. See Appendix, Page 15*
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degradation of the resolution.
The incompatability mentioned above arose from differences in 
the properties of the Michigan and the Illinois processors. The 
design of the Michigan processor is such that nonlinearities in 
their radar and processor are less damaging than they are in most 
other systems. (This is an important advantage of their system.) 
Their IF and coherent detector is sufficiently linear for their 
purposes, but not for ours. As a result, larger signals, which were 
not at zero doppler, did not cancel very well in our processor, and 
hence we did not obtain the expected improvement in resolution.
We obtained a beam sharpening by a factor of about 8 in the 
return from an isolated target of medium intensity (the signal 
amplitude did not exceed the range of fair linearity in the I F 
amplifiers and storage tube). Larger signals appeared to be im­
proved by a factor of about half this much. The factor of eight is 
approximately the theoretical value to be expected at the range at 
which we had to operate. We originally planned to observe out to 
a range of 30 miles with the maximum length unfocussed antenna.
We would then have had a theoretical twenty-fold beam sharpening, 
which we feel would have been a very significant improvement.
This test could not be carried out because of insufficient R F 
power, and because we could not fly high enough to properly illum­
inate the ground at that distance.
Figure ^A is one of our radar photographs, showing simul­
taneous coherent and noncoherent pictures of the Detroit-Windsor 
area. A map of this area is shown in Figure 1KB. The aircraft
C O N F I D E N T I A L
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flight path and the area included in the photographs are marked 
on this map. The highway marked by the arrows is of special 
interest. It lies almost, but not quite, perpendicular to the 
flight path. The image on the coherent picture is essentially one 
sweep wide except when the position of maximum return lies between 
two sweeps. Under this condition the image appears on two adja­
cent sweeps, but is weaker, so the line has a dotted appearance.
This particular highway is about 8 times as wide on the non­
coherent picture.
The sweep jitter mentioned earlier is more damaging to the 
coherent picture. An image of a ship, for instance, becomes a short 
zig-zag line which may be missed if the signal is weak. In the 
nori-coherent case, many more separate sweeps are photographed, the 
line is broadened, the zig-zag pattern being unresolved, so that a 
weak signal is less likely to be lost.
The processor showed itself to be stable and reliable. During 
the whole flight program the only part failure was one transistor 
which burned out when a cable was misconnected.
A photograph of the complete processor is shown in Figure 5* 
This processor was an experimental model, and a considerable re­
duction in size and weight should be possible in an engineered 
version.
C O N F I D E N T I A L
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III. CONCLUSIONS
Our most important objective in carrying out a flight program 
was the production of a series of radar photographs to compare with 
those obtained from other types of processors. It appeared that the 
flight test arrangements we had made were ideal for obtaining a com­
parison with the Michigan photographic correlator. Unfortunately, 
as explained above, we were not able to obtain the quality of pic­
ture which the storage tube processor should be capable of producing 
Hence, any comparison which we might make will be on a somewhat 
shaky foundation. Further development and testing of this processor 
is needed.
We are primarily interested in a comparison with the Michigan 
system, as it is the one which, to date, has produced the most sat­
isfactory pictures. The Michigan system has several important ad­
vantages over other processors. The less stringent linearity 
requirement mentioned earlier is one of these. Also, it can be 
designed to include quadrature phase processing, continuous readout 
and focussing of the synthetic antenna. On the other hand, it re­
quires that the photographic film on which the original data are 
recorded be run through their correlator before the information is 
in an intelligible form. This reprocessing would normally be done 
on the ground, though Michigan is making progress in the develop­
ment of a correlator which rapid-develops the original and the 
correlated films in the aircraft. The total time involved will 
be of the order of a minute. With the storage tube processor, 
the display could be immediately visible on a display tube.
C : C O N  F I D O T  I A L
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However, there does not appear to be any simple way to achieve 
continuous readout and focussing. In most other regards, the two 
processors appear to be about equal. Hence, we feel that in 
reconnaissance where the time factor may not be crucial, the 
Michigan correlator is the best now available, but that it might 
be ruled out for other applications, such as bomb-nav. The storage 
tube processor might then be the best available.
C O N F I D E N T I A L
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APPENDIX
We shall assume that the reader is familiar with the general
7principles of storage tube construction and operation . Hence, we 
shall mention only a few features of particular concern in this data 
processor. We shall also discuss the characteristics of the tubes we 
are using and our methods of operating them.
The target in the CSF storage tubes which we used, consists of a 
thin anodized alumina layer deposited on a thick aluminum,disc (the 
backplate). . Tightly stretched over the target is a fine wire mesh 
called the barrier grid which is normally operated at ground poten­
tial. The collector in this case is an electrode at a positive 
potential whose function is to collect secondary electrons emitted 
from the barrier grid or the target. Because the barrier grid is 
very close to the target, the field in the immediate neighborhood of 
the target is determined primarily by the potential difference be­
tween the barrier grid and the target, rather than by the potential 
on the collector. Hence, the barrier grid potential is the important 
voltage reference controlling the charge accumulation on the target. 
This charge accumulation is strongly influenced, in addition, by the 
secondary emission ratio, 5 of the target, i.e. the number of 
secondary electrons emitted per primary electron impinging on the 
surface. Target materials and operating voltages are customarily 
chosen so that 5 is greater than 1, i.e. more electrons are emitted
7. See for instance Knoll and Kazan, Storage Tubes, John Wiley and 
Sons, 1952.
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than are received from the incoming beam. If the barrier grid is 
positive with respect to the target, the secondaries are drawn to it 
or pass through to the collector so that the target accumulates net 
positive charge. If however, the barrier grid is more negative, the 
secondaries are forced back to the target so that a negative charge 
accumulates (the charge on the incident beam). Hence-, it is possible 
to store either a positive or negative charge on the target. This is 
important in our mode of operation. Note that in either case the 
target to barrier grid potential difference decreases, that is the 
electron beam always acts in such a way that it tends to discharge 
the capacitance between the grid and target. As we have seen, the 
sign of the stored charge is determined by the sign of the target 
potential. Because of the capacitance between the target and back- 
plate, a voltage applied to the backplate will determine the initial 
target potential.
It is customary to apply a steady potential to the backplate 
during the write mode, so that charge of one sign only accumulates 
on the target. As our integrated video signals are bipolar, this 
would make it necessary to write about a bias level, i.e. zero is 
represented by half the level of target saturation, with positive 
and negative signals being greater than or less than this value.
Several important advantages would follow if we wrote about a 
zero bias level, i.e. with signals being represented by stored 
charges of the same (or opposite) sign as the signal.
We saw that it was possible to write on the target with a charge 
of either sign, the sign being determined by the potential on the
U N C L A S S I F I E D
U N C L A S S I F I E D 118-25
backplate. Suppose that the potential on the backplate has constant 
magnitude, but that its sign is the same as the instantaneous video 
signal. Suppose also that the signal on the control grid has the 
magnitude of input video, but is always positive (i.e. the video has 
been passed through a full wave rectifier). Then, subject to restric­
tions discussed below, the stored charge has the proper magnitude and 
its sign is the same as (or opposite to) that of the input. In par­
ticular, a zero signal would correspond to a zero charge on the 
target. That is to say, the signals would be written about in. a zero 
level instead of being written about a pedestal as has been done here­
tofore. It is difficult to switch the backplate back and forth at 
video rates, because of the large capacity (approximately 2,000 ui-tf) 
which must be driven. As a compromise we switched it between sweeps, 
and wrote positive and negative signals on alternate sweeps. This 
meant that half of the input signals were not used.
Consider the important advantages that arise when writing the 
signals about a zero level instead of on a pedestal. First of all, 
before the signal can be rectified the pedestal must be subtracted off. 
This means that a square wave must be generated of the same width and 
height as the pedestal and it must then be subtracted electrically.
This is very difficult to do precisely. The square wave and the 
pedestal will never be of exactly the same shape so that there always 
will be switching transients which will occur at the start and the 
finish when the two are subtracted. This means that spikes will be 
generated which in many cases are much larger than the signals them­
selves, and cause difficulty in the sensitive backplate amplifier.
U N C L A S S I F I E D
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Secondly, consider the effect of the pedestal on noise. The 
output of the storage tube is somewhat noisy. For instance, with - 
an average tube the readout will vary in a somewhat random manner, 
by about five per cent of the total amplitude. If we write about 
a pedestal, the amplitude of the pedestal, as read out, will have 
five per cent noise superposed. This pedestal, however, is as 
large as the largest signal which we can store on the target, and 
hence, the noise on the pedestal may be as large or larger than 
the small signals which we may store. Hence a tube with five per 
cent noise may result in an output signal in which the noise com­
pletely buries the small returns. Noise is not increased in this 
manner if we write about a zero level.
A third advantage that arises from writing about a zero level 
is a considerable reduction in the stringency in the requirements for 
sweep linearity. This follows from the fact that the charge stored 
at a given point on the target is proportional to the time that the 
electron beam spends on that particular point. The pedestal height 
will be inversely proporticnal to the sweeps speed, and hence, if 
there is a pedestal, the sweep speed must be accurately constant.
On the other hand, if we write about a zero pedestal this effect 
does not occur. Similarly there is a relaxation in the required 
linearity of the grid drive characteristic. This arises because 
the characteristic for a negative signal is approximately the 
mirror image of the characteristic for positive signal, (exactly 
if 5 = 2). Hence, distortions in this characteristic tend to give 
rise only to odd ordered terms. Odd ordered terms tend to cancel
U N C L A S S I F I E D
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out in the expression for the integrated charge.
Another advantage of writing about a zero bias level is that 
there is a reduction in the tendency of signals to saturate the 
target. In effect, the operating range of the target has been 
doubled.
The secondary emission ratio,, 5, has been mentioned above as 
an important parameter. It is desirable, for this application that 
5 = 2 .  If this is true, an incident beam electron will store itself 
if the target is positive; it will store itself and free two 
secondaries if the target is negative, so that in either case it will 
result in the same magnitude of stored charge. Hence, the same signal 
is needed on the grid for either sign of the video. This explains 
the statement made earlier that the "positive and negative sections" 
of the grid characteristics are mirror images if 5 = 2. If 5 \  2 
the relative magnitude of the two signs of grid drive need to be ad­
justed to produce the same stored charge. .The amount Of adjustment 
increases with |& - 2|. Also the required grid drive linearity in­
creases . Hence, it is worth while to obtain a target 6 as near as 
possible to 2 .
The value of 5 depends on several factors, the most important 
being the material of which the target is constructed, and the exact 
condition of the surface. Values of 5 from near zero to over twenty 
have been achieved in practice by proper preparation of the target 
surface. The potential of the incident electron beam also effects 
the value of 5. For most materials the 5 versus voltage curve goes 
through a broad maximum somewhere in the 1000-1500 volt range.
U N C L A S S I F I E D
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The decrease at higher voltages is caused by the fact that the 
incident electron beam penetrates more deeply into the surface of 
the target so that low energy secondary electrons have difficulty 
emerging. The shape of this curve is affected by the angle of in­
cidence of the electron beam on the surface. The decrease at 
higher voltages observed with normal incidence does not occur nearly 
so rapidly if the incoming beam comes in at a grazing angle, be­
cause the incident beam penetrates the surface at this angle so that 
the secondary electrons are released nearer the surface, and hence 
can emerge with less difficulty.
In the operation of the storage tubes, we have some control of
the value of 5 through the adjustment of the operating voltage in
the tube. We were unable however, with the earlier tubes which we
tested, to obtain a value less than about three within the operating
range of the tube. We found, however, on the basis of tests made in
cooperation with CSF, that it was possible to obtain a value of 2
with a target of pure alumina, without the M F~ coating that had been , § e-
used on earlier targets. This alumina coating was formed upon a 
highly polished aluminum surface, rather than the usual sandblasted 
surface, and it was operated at about 3500 volts. A sandblasted 
target looks like a composite of many targets at a variety angles 
of incidence. Those portions of the target which have angles of 
incidence which are fairly large have larger values of 5 than those 
portions which are nearly normal to the incident beam, hence, a 
larger average value of 5, is measured. The polished surface does 
not permit the production of thick alumina layers, so that a higher
U N C L A S S I F I E D
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target capacitance results.
Another improvement of the storage tube mentioned earlier is 
the installation of the linear cathode ray tube gun. This type of
Q
gun has been discussed in an earlier report . Briefly, this type 
of gun functions as follows: The cathode current in the electron
gun is divided into two portions, one portion, perhaps one part in 
a thousand of the total current, passes through an aperture to form 
the electron beam. The remainder of the current is collected on an 
electrode which is similar to an ordinary triode plate. The triode 
current may be as large as 10 miliamperes. The g^ of this section 
is relatively large and, by appropriate use of feedback circuits, 
the current in this section may be made to be a linear function of 
the drive voltage. The beam current is a constant fraction of the 
total current so that the beam current also becomes a linear function 
of the drive voltage. In Figure 6a  we show a graph of the current 
in the beam as a function of the total cathode current, showing that 
indeed the beam current is a constant fraction of the cathode current 
except for a small region near cutoff. The two curves shown are for 
a cathode ray tube and for the one linear storage tube which we have 
obtained from CSF. In Figure 6b we show the linearity of the beam 
current versus grid drive voltage which we were able to obtain by 
the simple expedient of inserting a cathode resistor in the storage 
tube or cathode ray tube circuit. The third curve on this graph
8. Report I-8l, Cathode Ray Tube Linearity by Rawcliffe, Krone, 
Gooch, pp. 22-25*
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is the grid drive characteristic for a particular TCM-14 storage 
tube manufactured by CSF. This tube is of the older nonlinear type. 
In this tube the beam current is very strongly limited by masking 
in the beam. The masks are used to keep the beam diameter small in 
order to maintain high resolution. These masks introduce several 
compensating effects which tend to change the shape of the grid drive 
characteristic, producing in most tubes an S-shaped curve. In this 
particular tube these effects happened to cancel just properly so 
that a characteristic which is nearly linear results over a limited 
operating range. It is doubtful that another tube with a character­
istic like this could ever be made. We were very fortunate, however, 
in having this one tube to use because the linear tube from CSF did 
not arrive until after the conclusion of our flight test.
The TCM-l^ storage tube used in the flight tests, and the 
newer linear TCM-16 tube are shown in Figure 7 •
The linear gun is not without problems, some of which have 
yet to be solved. A detailed discussion of this will be reserved 
for a later report.
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